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This  paper  reviews  publications  in  the  literature  on  performance  degradation  of  and  mitigation  strategies 
for  polymer  electrolyte  membrane  (PEM)  fuel  cells.  Durability  is  one  of  the  characteristics  most  necessary 
for  PEM  fuel  cells  to  be  accepted  as  a  viable  product.  In  this  paper,  a  literature-based  analysis  has  been 
carried  out  in  an  attempt  to  achieve  a  unified  definition  of  PEM  fuel  cell  lifetime  for  cells  operated  either 
at  a  steady  state  or  at  various  accelerated  conditions.  Additionally,  the  dependence  of  PEM  fuel  cell  dura¬ 
bility  on  different  operating  conditions  is  analyzed.  Durability  studies  of  the  individual  components  of  a 
PEM  fuel  cell  are  introduced,  and  various  degradation  mechanisms  are  examined.  Following  this  analy¬ 
sis,  the  emphasis  of  this  review  shifts  to  applicable  strategies  for  alleviating  the  degradation  rate  of  each 
component.  The  lifetime  of  a  PEM  fuel  cell  as  a  function  of  operating  conditions,  component  materials, 
and  degradation  mechanisms  is  then  established.  Lastly,  this  paper  summarizes  accelerated  stress  testing 
methods  and  protocols  for  various  components,  in  an  attempt  to  prevent  the  prolonged  test  periods  and 
high  costs  associated  with  real  lifetime  tests. 
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1.  Introduction 

To  date,  considerable  effort  has  been  devoted  to  the  develop¬ 
ment  of  highly  efficient  and  reliable  polymer  electrolyte  membrane 
(PEM)  fuel  cells  and  stacks  intended  for  many  potential  power 
source  applications,  including  batteries  for  portable  devices;  fuel 
cell  engines  for  automotive  applications,  displacing  the  internal 
combustion  engine;  and  the  residential  stationary  power  market. 
Unquestionably,  significant  progress  has  been  achieved  over  the 
past  decade,  especially  in  the  areas  of  increasing  volumetric  and/or 
gravimetric  specific  power  density  and  more  effective  materials 
utilization. 

However,  contrary  to  expectations  held  since  the  last  decade 
that  PEM  fuel  cells  would  be  commercialized  in  stationary  appli¬ 
cations  by  2001  and  in  transport  applications  as  early  as  2003  [1  ], 
technical  challenges  remain  for  the  on-board  storage  and  infras¬ 
tructure  for  hydrogen  fuel,  as  well  as  for  the  fuel  cell  system  itself. 
With  regard  to  the  fuel  cell  system,  one  of  the  major  hurdles  is  still 
its  high  cost;  only  when  fuel  cell  costs  are  dramatically  reduced 
to  the  US  Department  of  Energy  (DOE)  target  of  $50  kW-1  will 
fuel  cells  be  competitive  for  virtually  every  type  of  power  appli¬ 
cation. 

Another  technical  barrier  for  the  acceptance  of  fuel  cells 
as  a  practical  power  source  is  durability  under  a  wide  range 
of  operational  conditions  [2].  For  different  applications,  the 
requirements  for  fuel  cell  lifetime  vary  significantly,  ranging 
from  5000  h  for  cars  to  20,000  h  for  buses  and  40,000  h  of 
continuous  operation  for  stationary  applications.  Although  the 
life  targets  for  automobiles  are  much  lower  than  those  for 
stationary  applications,  the  operating  conditions  of  dynamic 
load  cycling,  startup/shutdown,  and  freeze/thaw  make  this  goal 
very  challenging  for  current  fuel  cell  technologies.  Unfortu¬ 
nately,  at  present  most  PEM  fuel  cell  stacks  provided  by 
manufacturers  and  research  institutes  cannot  achieve  these 
goals. 

The  performance  of  a  PEM  fuel  cell  or  stack  is  affected  by 
many  internal  and  external  factors,  such  as  fuel  cell  design 
and  assembly,  degradation  of  materials,  operational  condi¬ 
tions,  and  impurities  or  contaminants.  Performance  degradation 
is  unavoidable,  but  the  degradation  rate  can  be  minimized 
through  a  comprehensive  understanding  of  degradation  and 
failure  mechanisms.  In  order  to  clearly  understand  the  con¬ 
cepts  of  PEM  fuel  cell  lifetime  and  performance  decay  dis¬ 
cussed  in  this  review,  we  first  clarify  several  relevant  terms 
[3-5]: 

•  Reliability :  The  ability  of  a  fuel  cell  or  stack  to  perform  the  required 
function  under  stated  conditions  for  a  period  of  time.  It  includes 
failure  modes  that  can  lead  to  catastrophic  failure  and  perfor¬ 
mance  below  an  acceptable  level. 

•  Durability:  The  ability  of  a  PEM  fuel  cell  or  stack  to  resist  per¬ 
manent  change  in  performance  over  time.  Durability  decay  does 
not  lead  to  catastrophic  failure  but  simply  to  a  decrease  in  per¬ 
formance  that  is  not  recoverable  or  reversible  (i.e.,  due  to  loss  of 
electrochemical  surface  area,  carbon  corrosion,  etc.).  This  issue  is 
related  to  ageing. 

•  Stability :  The  ability  to  recover  power  lost  during  continuous 
operation.  Stability  decay  is  always  concerned  with  operating 
conditions  (such  as  water  management)  and  reversible  material 
changes. 

The  overall  fuel  cell  performance  decay  rate,  measured  during 
continuous  and  uninterrupted  operation,  is  the  sum  of  both  the 
stability  and  durability  decay  rates.  Normal  degradation  targets 
require  less  than  10%  loss  in  the  efficiency  of  the  fuel  cell  system  at 


Table  1 

Summary  of  steady  state  lifetime  tests  in  the  literature 


the  end  of  life,  and  a  degradation  rate  of  2-10  pA/h-1  is  commonly 
accepted  for  most  applications  [6]. 

In  this  paper,  studies  conducted  by  academic  and  industry 
researchers  on  the  lifetime  of  state-of-the-art  PEM  fuel  cells 
operated  in  steady  state  or  accelerated  conditions  such  as  load 
or  thermal  cycles  or  fuel  or  oxidant  starvation  are  summa¬ 
rized.  The  major  findings  from  both  experimental  and  theoretical 
studies  of  the  degradation  and  failure  modes  of  fuel  cells  and 
their  components  are  introduced.  Feasible  strategies  to  miti¬ 
gate  the  performance  decay  resulting  from  each  degradation 
mechanism  are  discussed  in  detail.  The  existing  methods  for 
accelerated  stress  testing  of  different  components  are  analyzed. 
From  the  viewpoint  of  practical  applications,  a  statistical  model 
based  on  the  accelerated  lifetime  data  of  fuel  cell  components  is 
proposed  to  estimate  real  lifetime  under  normal  testing  condi¬ 
tions. 


2.  Steady  state  and  accelerated  lifetime  tests 

Until  now,  while  comprehensive  experimental  results  and 
reviews  have  been  published  in  an  attempt  to  understand  the 
degradation  mechanisms  of  fuel  cell  components  such  as  elec¬ 
trocatalysts,  membranes,  and  bipolar  plates,  only  a  relatively 
small  number  of  studies  aimed  at  real  PEM  fuel  cell  lifetimes 
have  been  conducted,  due  to  the  high  costs  and  prolonged 
testing  periods  required.  For  example,  more  than  4.5  years  of 
uninterrupted  testing  is  needed  to  reach  the  40,000-h  lifetime 
requirement  for  a  fuel  cell  system  for  stationary  applications. 
For  testing  a  fuel  cell  bus  system  (275  kW)  for  20,000  h,  the 
fuel  expense  alone  would  be  approximately  US  $2  million  (3.8 
billion  liters  of  hydrogen  at  US  $5.3  m-3).  To  increase  sample 
throughput  and  reduce  the  experimental  time  required,  several 
fuel  cell  developers  and  companies,  such  as  Ballard  Power  Sys¬ 
tems,  DuPont,  Gore,  and  General  Motors,  have  proposed  and 
implemented  different  accelerated  stress  tests  (ASTs)  to  determine 
the  durability  and  performance  of  current  fuel  cell  components. 
This  study  summarizes  papers  published  in  the  last  decade  on 
PEM  fuel  cell  degradation  and  lifetimes.  Tables  1  and  2  present 
work  on  steady  state  and  accelerated  lifetime  tests,  respec¬ 
tively. 

Although  most  experiments  on  fuel  cell  lifetime  under 
steady  state  operation  demonstrated  acceptable  results,  with 
a  degradation  rate  between  2  and  lOpA/h-1,  they  were  con¬ 
ducted  for  much  less  than  40,000  h.  As  for  ASTs,  almost  all 
degradation  rates  were  greater  than  lOpA/h-1.  Prior  to  com¬ 
mercializing  fuel  cell  technology,  more  thorough  studies  on 
components  and  the  analysis  of  system  failure  modes  are  imper¬ 
ative. 
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Table  2 

Summary  of  accelerated  durability  tests  in  the  literature 


3.  Major  failure  modes  of  different  components  of  PEM  fuel 
cells 

3.1.  Membrane 

In  a  typical  PEM  fuel  cell,  the  membrane  is  sandwiched  between 
two  catalyzed  electrodes  to  transport  the  protons,  support  the 
anode  and  cathode  catalyst  layers,  and  more  importantly,  separate 
the  oxidizing  (air)  and  reducing  (hydrogen)  environments  on  the 
cathode  and  anode  sides,  respectively.  Therefore,  the  requirements 
for  an  excellent  membrane  are  manifold  and  stringent,  including 
high  protonic  conductivity,  flow  reactant  gas  permeability,  thermal 
and  chemical  stability,  and  so  on  [31  ].  The  most  commonly  used 
and  promising  membranes  for  PEM  fuel  cells  are  perfluorosulfonic 
acid  (PFSA)  membranes  such  as  Nation®  (Dupont™),  Gore-Select® 
(Gore™),  and  Aciplex®  and  Flemion®  (Asahi™).  Extensive  studies 
have  been  carried  out  on  the  mechanisms  of  membrane  degrada¬ 
tion  and  failure  in  the  fuel  cell  environment.  At  present,  however, 
unsatisfactory  durability  and  reliability  of  the  membrane  is  still  one 
of  the  critical  issues  impeding  the  commercialization  of  PEM  fuel 
cells. 

3.1.1.  Membrane  degradation  mechanisms 

3. 1.1.1.  Mechanical  degradation  of  the  membrane.  Membrane  degra¬ 
dation  can  be  classified  into  three  categories:  mechanical,  thermal, 
and  chemical/electrochemical  [32,33].  Among  them,  mechanical 
degradation  causes  early  life  failure  due  to  perforations,  cracks, 
tears,  or  pinholes,  which  may  result  from  congenital  membrane 
defects  or  from  improper  membrane  electrode  assembly  (MEA)  fab¬ 
rication  processes.  The  local  areas  corresponding  to  the  interface 
between  the  lands  and  channels  of  the  flow  field  or  the  seal¬ 
ing  edges  in  a  PEM  fuel  cell,  which  are  subjected  to  excessive 
or  non-uniform  mechanical  stresses,  are  also  vulnerable  to  small 
perforations  or  tears.  During  fuel  cell  operation,  the  overall  dimen¬ 
sional  change  due  to  non-humidification  [34],  low  humidification 
[6,26,35,36],  and  relative  humidity  (RH)  cycling  [37]  are  also  detri¬ 
mental  to  mechanical  durability.  The  constrained  membrane  in  an 
assembled  fuel  cell  experiences  in-plane  tension  resulting  from 
shrinkage  under  low  RH  and  in-plane  compression  during  swelling 
under  wet  conditions.  The  migration  and  accumulation  of  the  cat¬ 
alysts  and  the  decomposition  of  the  seal  into  the  membrane,  as 
described  in  Sections  3.2.1  and  3.5,  also  negatively  affect  mem¬ 
brane  conductivity  and  mechanical  strength,  significantly  reducing 
ductility.  A  physical  breach  of  the  membrane  due  to  local  pin¬ 


holes  and  perforations  can  result  in  crossover  of  reactant  gases 
into  their  respective  reverse  electrodes.  If  this  happens,  the  highly 
exothermic  direct  combustion  of  the  oxidant  and  reductant  occurs 
on  the  catalyst  surface  and  consequently  generates  local  hot- 
points.  A  destructive  cycle  of  increasing  gas  crossover  and  pinhole 
production  is  then  established,  which  undoubtedly  accelerates 
degradation  of  the  membrane  and  the  entire  cell.  The  results  of 
Huang  et  al.  [37]  suggested  that  mechanical  failure  of  the  mem¬ 
brane  starts  as  a  random,  local  imperfection  that  propagates  to 
catastrophic  failure. 

3.1.12.  Thermal  degradation  of  the  membrane.  In  order  to  maintain 
well-hydrated  PFSA  membranes,  the  most  favorable  working  tem¬ 
perature  of  a  PEM  fuel  cell  is  usually  from  60  to  80  °C.  Conventional 
PFSA  membranes  are  subject  to  critical  breakdown  at  high  temper¬ 
atures  due  to  the  glass  transition  temperatures  of  PFSA  polymers  at 
around  80  °C.  However,  rapid  startup,  stable  performance,  and  easy 
operation  in  subfreezing  temperatures  are  necessary  capabilities 
for  fuel  cell  technologies  to  achieve  prior  to  commercialization  in 
vehicles  and  portable  power  supply  applications.  On  the  other  hand, 
much  effort  has  been  made  recently  to  develop  PEM  fuel  cells  that 
operate  above  100 °C,  in  order  to  enhance  electrochemical  kinet¬ 
ics,  simplify  water  management  and  cooling  systems,  and  improve 
system  CO  tolerance.  Membrane  protonic  conductivity  drops  sig¬ 
nificantly  with  the  decrease  in  water  content  when  the  fuel  cell 
is  operated  at  high  temperatures  [38]  and  under  low  humidity 
[39]. 

Several  studies  have  addressed  the  issue  of  thermal  stability  and 
thermal  degradation  of  PFSA  membranes.  The  polytetrafluoroethy- 
lene  (PTFE)-like  molecular  backbone  gives  Nation  membranes  their 
relative  stability  until  beyond  150  °C  due  to  the  strength  of  the 
C-F  bond  and  the  shielding  effect  of  the  electronegative  fluorine 
atoms  [40].  At  higher  temperatures,  Nation  begins  to  decompose  via 
its  side  sulfonate  acid  groups.  The  thermal  stability  of  Nation  was 
investigated  by  Surowiec  and  Bogoczek  [41  ]  using  thermal  gravi¬ 
metric  analysis,  differential  thermal  analysis,  and  Fourier  transform 
infrared  spectroscopy,  and  only  water  was  detected  below  280  °C. 
At  temperatures  above  280  °C,  sulfonic  acid  groups  were  spilt  off.  In 
their  studies  on  the  effect  of  heating  Nation  onto  platinum  (Pt)  in  air, 
Chu  et  al.  [42  ]  found  that  sulfonic  acid  groups  were  lost  after  heating 
at  300  °C  for  15  min,  while  Deng  et  al.  [43  ],  measured  small  amounts 
of  sulphur  dioxide  up  to  400  °C.  Detailed  mechanisms  for  PFSA  ther¬ 
mal  degradation  were  proposed  by  Wilkie  et  al.  [40]  and  Samms 
et  al.  [44],  including  initiative  rupture  of  the  C-S  bond  to  produce 
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sulphur  dioxide,  OH*  radicals,  and  a  left  carbon-based  radical  for 
further  cleavage  at  higher  temperatures. 

In  order  for  fuel  cells  to  be  successfully  commercialized  for 
automotive  and  portable  applications,  membranes  must  be  able 
to  tolerate  freezing  temperature  as  well  as  thermal  cycling.  Several 
studies  on  the  state  of  water  in  PFSA  membranes  below  freezing 
have  been  conducted.  Kim  et  al.  [45]  suggested  that  three  dif¬ 
ferent  states  of  water  exist  in  the  membrane  and  that  the  “free 
water”,  which  was  not  intimately  bound  to  the  polymer  chain, 
would  freeze  below  0°C.  In  addition,  Cappadonia  et  al.  [46]  and 
Sivashinsky  and  Tanny  [47]  found  that  only  a  part  of  the  water 
present  in  Nation  underwent  freezing.  Cho  et  al.  [23]  reported  that 
the  contact  resistance  between  the  membrane  and  the  electrode 
increased  after  thermal  cycles,  whereas  membrane  ionic  conduc¬ 
tivity  itself  was  not  affected.  However,  McDonald  et  al.’s  [48  ]  results 
illuminated  that,  after  385  temperature  cycles  between  +80  and 
-40  °C,  ionic  conductivity,  gas  impermeability,  and  the  mechanical 
strength  of  Nation  membranes  were  severely  impaired,  although  no 
catastrophic  failures  were  detected.  The  phase  transformation  and 
volume  change  of  water  due  to  freeze/thaw  cycles  has  a  detrimental 
effect  on  the  membrane’s  lifetime.  To  avoid  this,  proposed  mitiga¬ 
tion  strategies  include  gas  purging  and  solution  purging  to  remove 
residual  water  during  fuel  cell  startup  and  shutdown,  which  will  be 
described  in  Section  3.1.2. 

3  A  A3.  Chemical/ electro  chemical  degradation  of  the  membrane.  The 
rates  of  hydrogen  and  air  crossover  to  opposite  sides  of  the  mem¬ 
brane  have  been  proved  to  be  relatively  slow  and  to  result  in  only 
a  1-3%  loss  in  fuel  cell  efficiency  [49,50].  However,  the  afore¬ 
mentioned  highly  exothermal  combustion  between  H2  and  02  can 
possibly  lead  to  pinholes  in  the  membrane,  destroying  the  MEA 
and  causing  catastrophic  problems.  More  severely,  the  chemical 
reaction  on  the  anode  and  cathode  catalysts  can  produce  perox¬ 
ide  (HO*)  and  hydroperoxide  (HOO*)  radicals,  which  are  commonly 
believed  to  be  responsible  for  chemical  attack  on  the  membrane 
and  catalysts  [51,52].  Further  investigation  has  also  revealed  that 
the  generation  of  these  radicals  as  well  as  the  chemical  degrada¬ 
tion  of  the  membrane  is  accelerated  when  the  fuel  cell  is  operated 
under  open  circuit  voltage  (OCV)  and  low  humidity  conditions  [36]. 
Several  mechanisms  have  been  proposed,  with  conflicting  views  on 
whether  the  radicals  are  formed  at  the  anode,  at  the  cathode,  or  on 
both  sides  of  the  membrane.  Some  studies  have  shown  that  the 
loss  of  ionic  groups  begins  at  the  anode  side  of  the  membrane  and 
progresses  towards  the  cathode  [53,54],  but  Pozio  et  al.  [55]  and 
other  researchers  [56,57]  have  provided  evidence  of  predominant 
cathode  degradation.  However,  Mattsson  et  al.’s  [58]  observed  no 
noticeable  difference  between  the  anode  and  cathode  sides. 

The  presence  of  foreign  cationic  ions  can  significantly  decrease 
cell  performance  by  adsorbing  on  the  membrane  or  catalysts.  Possi¬ 
ble  sources  of  ultivalent  ion  contaminants  include  corrosion  of  stack 
components  and  impurities  in  the  air  stream,  humidifier  reservoirs, 
etc.  [59].  Many  cations  showed  stronger  affinity  than  H+  with  the 
sulfonic  acid  group  in  PFSA  membranes  [60].  When  the  fuel  cell 
was  operating,  more  active  sites  were  occupied  by  the  ultivalent 
ions  and,  as  a  consequence,  the  membrane  bulk  properties,  such 
as  membrane  ionic  conductivity,  water  content,  and  H+  transfer¬ 
ence  numbers,  changed  proportionally  to  the  cation  ionic  charge 
[61].  This  effect  is  not  normally  serious  unless  the  contamination 
concentration  goes  beyond  50%  of  sulfonic  acid  groups  in  the  mem¬ 
brane  [60].  The  second  possible  mode  of  membrane  deterioration 
due  to  contaminant  ions  comes  from  the  altered  water  flux  inside 
the  membrane,  and  in  this  case,  only  5%  contaminant  is  sufficient. 
The  displacement  of  H+  with  foreign  cations  also  results  in  attenu¬ 
ated  water  flux  and  proton  conductivity,  and  leads  to  much  faster  or 
more  extensive  membrane  dehydration,  especially  near  the  anode 


[2].  Contamination  by  trace  metal  ions  originating  from  the  corro¬ 
sion  of  metal  bipolar  plates  or  end  plates,  such  as  Fe2+  and  Cu2+,  can 
strongly  accelerate  membrane  thinning  and  performance  decay  of 
a  PEM  fuel  cell  by  catalyzing  the  radicals’  formation  reactions,  as 
shown  in  following  equations  [49]: 


H202  +Fe2+ 

HO*  +  OH“  +  Fe3+ 

(1) 

Fe2+  +  HO*  - 

->  Fe3+  +  OH- 

(2) 

h2o2+ho* 

-*  H02*  +  H20 

(3) 

Fe2+  +  H02* 

Fe3+  +  H02“ 

(4) 

Fe3+  +  H02* 

-*  Fe2+  +  H+  +  02 

(5) 

As  described  above,  this  mechanism  can  lead  to  membrane  thin¬ 
ning  or  the  formation  of  pinholes  and  eventually  to  the  catastrophic 
failure  of  the  fuel  cell. 

Depending  on  the  type  of  membrane,  the  HO*  and  HOO*  rad¬ 
icals  generated  during  the  reaction  can  attack  the  a-carbon  of  an 
aromatic  group,  the  ether  links,  or  the  branching  points  of  the  poly¬ 
mer.  As  for  the  PFSA  membranes,  the  small  quantity  of  carboxylate 
end  groups  with  H-containing  terminal  bonds,  which  are  inevitably 
formed  during  the  polymer  manufacturing  process,  are  regarded  as 
the  inducing  agent  for  membrane  chemical  decay  due  to  its  suscep¬ 
tibility  to  radical  attack.  One  generally  accepted  mechanism,  the 
unzipping  reaction,  initiates  the  abstraction  of  hydrogen  from  the 
end  groups,  releases  HF,  C02  and  forms  new  carboxylate  groups  at 
the  chain  ends  [61  ].  An  example  of  radical  attack  on  an  end  group 
of  -CF2COOH  is  shown  below  [62]. 

Rf  -CF2COOH  +  *OH  ->  Rf  -CF2*  +  C02  +  H20  (6) 

Rf  -CF2*  +  *OH  ->  Rf  -CF2OH  ->  Rf  -COF  +  HF  (7) 

Rf  -COF  +  H20  ->  Rf  -COOH  +  HF  (8) 

As  the  process  repeats,  the  attack  may  propagate  along  the  main 
chain,  and  eventually  the  polymer  decomposes  into  low-molecular 
weight  compounds.  Another  possible  mechanism  proposed  by 
Endoh  et  al.  [27]  is  the  scission  of  the  polymer  main  chains,  in 
which  the  ether  linkages  are  suggested  to  be  the  most  suscepti¬ 
ble  side  chain  sites  to  radical  attack,  producing  vulnerable  -COOH 
groups.  As  a  result,  the  average  molecular  weight  of  the  polymer 
decreases  while  the  number  of  -COOH  groups  increase  with  time. 
Even  without  susceptible  end  groups,  under  exposure  to  H2,  the 
polymer  backbone  of  the  PFSA  membrane  may  preferentially  react 
as  follows  [2]: 

-CF2-  +  2H2  ->  -CH2-  +  2HF  (9) 

Following  this  reaction,  the  radicals  attack  the  resulting  -CH2- 
groups.  The  rate  of  fluoride  loss  has  been  considered  an  excellent 
measurement  of  PFSA  membrane  degradation  [63]. 

3A.2.  Mitigation  strategies  for  membrane  degradation 

To  prevent  mechanical  failure  of  the  membrane,  the  MEA 
and  flow  field  structure  must  be  carefully  designed  to  avoid 
local  drying  of  the  membrane  [64,65],  especially  at  the  reactant 
inlet  area  [66].  A  membrane  reinforced  with  e-PTFE,  developed 
by  Gore  Fuel  Cell  Technologies,  exhibited  a  lifetime  an  order 
of  magnitude  longer  than  a  non-reinforced  membrane  of  com¬ 
parable  thickness  [63],  as  shown  in  Fig.  1.  Similar  results  for 
enhanced  membrane  mechanical  strength  were  reported  by  Wak- 
izoe  et  al.  [67]  and  Xu  et  al.  [29]  using  reinforced  Aciplex® 
membranes  and  Nafion®-Teflon®-phosphotungstic  acid  compos¬ 
ite  membranes,  respectively. 

Several  review  papers  [68-71]  have  covered  the  recent  PEM 
development  and  fabrication  approaches  focusing  on  achieving 
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Fig.  1.  Comparison  of  Gore  reinforced  membranes  and  non-reinforced  membranes, 
(a)  Lifetime  of  various  membranes  in  accelerated  fuel  cell  conditions;  (b)  H2 
crossover  rate  as  a  function  of  time.  (Modified  from  [63]  with  permission.) 


prolonged  durability  above  100  °C.  The  membranes  developed  so 
far  can  be  classified  into  three  groups:  (1)  modified  PFSA  mem¬ 
branes,  which  are  swelled  with  nonvolatile  solvents  or  incorporate 
hydrophilic  oxides  and  solid  inorganic  proton  conductors;  (2)  alter¬ 
native  sulfonated  polymers  and  their  composite  membranes,  such 
as  SPSF,  SPEEK,  PBI,  and  PVDF;  and  (3)  acid-base  polymer  mem¬ 
branes,  such  as  phosphoric  acid-doped  Nafion®-PBI  composite 
membranes. 

With  respect  to  the  chemical  and  electrochemical  degradation 
of  the  membrane,  developing  membranes  that  are  chemically  sta¬ 
ble  against  peroxy  radicals  has  drawn  particular  attention.  Firstly, 
one  solution  is  to  develop  novel  membranes  with  higher  chemical 
stability,  such  as  a  radiation-grafted  FEP-g-polystyrene  membrane 
[72,73],  in  which  polystyrene  was  used  as  a  sacrificial  material 
owing  to  its  low  resistance  to  radicals  [57].  Free-radical  stabiliz¬ 
ers  and  inhibitors  such  as  hindered  amines  or  antioxidants  also 
have  the  potential  to  be  mingled  during  membrane  fabrication. 
Secondly,  increased  chemical  stability  can  also  be  realized  by  mod¬ 
ifying  the  structure  of  the  available  membrane.  Curtin  et  al.  [62] 
suggested  that  radical  attack  of  the  residual  H-containing  terminal 
bonds  of  the  main  chain  of  the  PFSA  membrane  was  the  pri¬ 
mary  degradation  mechanism.  By  eliminating  the  unstable  end 
group,  chemical  stability  was  significantly  enhanced  [62].  Thirdly, 
the  damage  caused  by  hydrogen  peroxide  can  be  suppressed  by 
redesigning  the  MEA.  For  example,  a  composite  membrane  sug¬ 
gested  by  Yu  et  al.  [57],  in  which  a  thin  recast  Nafion  membrane  was 
bonded  with  a  polystyrene  sulfonic  acid  (PSSA)  membrane,  when 
positioned  at  the  cathode  of  the  cell  could  successfully  prevent  oxi¬ 
dation  degradation  of  the  PSSA  membrane.  Fourthly,  introduction 
of  peroxide-decomposition  catalysts  like  heteropoly  acids  within 


the  membrane  has  proven  to  moderate  or  eliminate  membrane 
deterioration  due  to  peroxide  [74,75].  However,  the  advantage  of 
this  approach  would  be  partially  counteracted  by  a  decrease  in 
membrane  stability  and  conductivity  caused  by  the  mixture  of  the 
catalysts.  Last  but  not  least,  the  development  and  implementation 
of  new  metal  coatings  with  improved  corrosion  resistance  and  of 
catalysts  that  produce  less  hydrogen  peroxide  are  long-term  goals 
for  membrane  durability  enhancement. 

3.2.  Electrocatalyst  and  catalyst  layer 

Pt  and  binary,  ternary,  or  even  quaternary  Pt-transition  metal 
alloys,  such  as  PtCo,  Pt-Cr-Ni,  and  Pt-Ru-Ir-Sn,  supported  on 
conductive  supports  have  been  proposed  and  implemented  as  elec¬ 
trocatalysts  in  PEM  fuel  cells.  Commonly  used  supports  include 
high-surface-area  carbon  materials,  such  as  Vulcan-XC  72,  Ketjen 
black,  or  Black  pearls  BP2000.  These  catalysts  are  in  principle  able  to 
meet  the  performance  and  cost  requirements  for  high-volume  fuel 
cell  applications.  However,  from  a  catalyst  durability  viewpoint,  the 
performance  of  currently  known  materials  is  still  unsatisfactory 
under  harsh  operating  conditions,  including  high  humidity,  low  pH 
values,  elevated  temperature,  and  dynamic  loads  in  combination 
with  an  oxidizing  or  reducing  environment  [59]. 

3.2.1.  Electrocatalyst  and  catalyst  layer  degradation  mechanisms 

Considerable  effort  has  been  put  into  the  detailed  examination 
of  the  mechanism  of  Pt  catalyst  degradation  under  long-term  oper¬ 
ation.  Firstly,  a  pure  Pt  catalyst  may  be  contaminated  by  impurities 
originating  from  supply  reactants  or  the  fuel  cell  system  [50].  Also, 
the  catalyst  may  lose  its  activity  due  to  sintering  or  migration  of 
Pt  particles  on  the  carbon  support,  detachment  and  dissolution  of 
Pt  into  the  electrolyte,  and  corrosion  of  the  carbon  support.  Sev¬ 
eral  mechanisms  have  been  proposed  to  explain  the  coarsening 
in  catalyst  particle  size  during  PEM  fuel  cell  operation:  (1)  small 
Pt  particles  may  dissolve  in  the  ionomer  phase  and  redeposit  on 
the  surface  of  large  particles,  leading  to  particle  growth,  a  phe¬ 
nomenon  known  as  Ostwald  ripening  [76].  On  the  other  hand,  the 
dissolved  Pt  species  may  diffuse  into  the  ionomer  phase  and  sub¬ 
sequently  precipitate  in  the  membrane  via  reduction  of  Pt  ions 
by  the  crossover  hydrogen  from  the  anode  side,  which  dramati¬ 
cally  decreases  membrane  stability  and  conductivity  [77];  (2)  the 
agglomeration  of  platinum  particles  on  the  carbon  support  may 
occur  at  the  nanometer  scale  due  to  random  cluster-cluster  col¬ 
lisions,  resulting  in  a  typical  log-normal  distribution  of  particles 
sizes  with  a  maximum  at  smaller  particle  sizes  and  a  tail  towards 
the  larger  particle  sizes  [78];  (3)  the  growth  in  catalyst  particles 
may  also  take  place  at  the  atomic  scale  by  the  minimization  of  the 
clusters’  Gibbs  free  energy.  In  this  case,  the  particle  size  distribu¬ 
tion  can  be  characterized  by  a  tail  towards  the  smaller  particle  sizes 
and  a  maximum  at  larger  particle  sizes  [79].  However,  so  far,  there 
is  still  no  agreement  on  which  mechanism  is  dominantly  responsi¬ 
ble  for  the  catalyst  particle  growth  [80].  Coarsening  of  the  catalyst 
due  to  movement  of  its  particles  and  coalescence  on  the  carbon 
support  can  cause  the  catalytically  active  surface  area  to  decrease 
[81].  Lastly,  the  formation  of  metal  oxides  at  the  anode  [  1 5  ]  or  cath¬ 
ode  [14]  side  probably  leads  to  an  increase  in  particle  sizes  and 
ultimately  results  in  a  decrease  in  catalyst  activity. 

Corrosion  of  the  catalyst  carbon  support  is  another  important 
issue  pertaining  to  electrocatalyst  and  catalyst  layer  durability  that 
has  attracted  considerable  attention  lately  in  academic  as  well  as 
in  industry  research  [6,82,83].  In  PEM  fuel  cells  and  stacks,  two 
modes  are  believed  to  induce  carbon  corrosion:  (1)  transitioning 
between  startup  and  shutdown  cycles  and  (2)  fuel  starvation  due 
to  the  blockage  of  H2  from  a  portion  of  the  anode  under  steady 
state  conditions.  The  first  mode,  referred  to  as  air-fuel  front,  can 
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be  caused  by  non-uniform  distribution  of  fuel  on  the  anode  and 
crossover  of  oxygen  through  the  membrane,  which  is  likely  to  occur 
during  startup  and  shutdown  of  the  PEM  fuel  cell.  For  the  second 
mode,  fuel  starvation  in  individual  cells  may  result  from  uneven 
flow  sharing  between  cells  during  high  overall  stack  utilization 
or  from  gas  flow  blockage  attributed  to  ice  formation  when  fuel 
cells  work  in  subfreezing  temperatures.  In  both  cases,  the  anode 
electrode  is  partially  covered  with  hydrogen  and,  under  the  circum¬ 
stances  of  hydrogen  exhaustion,  the  anode  potential  will  be  driven 
negative  until  water  and  carbon  oxidation  takes  place  according  to 
the  following  equations  [2]: 

2H20  02  +  4H++4e-  E°  =  1.229VRHE  (10) 

C  +  2H20  ->  C02+4H++4e-  E°  =  0.207VRHE  (11) 

Despite  the  thermodynamic  instability,  carbon  corrosion  in  a 
normal  PEM  fuel  cell  is  negligible  at  potentials  lower  than  1.1  V 
vs.  reversible  hydrogen  electrode  (RHE)  due  to  its  slow  kinetics. 
However,  recent  experiments  have  confirmed  that  the  presence  of 
electrocatalysts  like  Pt/C  or  PtRu/C  can  accelerate  carbon  corrosion 
and  reduce  the  potentials  for  carbon  oxidation  to  0.55  V  (vs.  RHE) 
or  lower  [84].  When  provided  with  sufficient  water  in  the  fuel  cell, 
carbon  is  actually  protected  from  corrosion  by  virtue  of  the  H20 
oxidation  process,  unless  the  water  in  the  electrode  is  depleted  or 
the  cell  is  subjected  to  a  high  current  density  not  sustainable  by 
water  oxidation  alone  [28].  According  to  Eq.  (8),  cell  reversal  as  a 
result  of  fuel  starvation  has  a  potential  impact  on  the  durability  of 
the  catalyst  layer,  the  gas  diffusion  layer,  or  even  the  bipolar  plate. 
As  a  consequence,  the  relative  percentage  of  conductive  material  in 
the  electrode  may  drop  and  the  contact  resistance  with  the  current 
collector,  as  well  as  the  internal  resistance  of  the  cell,  will  even¬ 
tually  increase.  More  seriously,  the  number  of  sites  available  to 
anchor  the  catalyst  decreases  with  carbon  corrosion,  causing  cata¬ 
lyst  metal  sintering  [85],  and  in  the  extreme,  a  structural  collapse 
of  the  electrode. 

Another  noteworthy  hazard  to  PEM  fuel  cell  durability  at  sub¬ 
zero  temperatures  is  the  influence  of  the  phase  transformation  and 
volume  changes  of  water  on  the  physical  properties  of  the  mem¬ 
brane/electrode  interface  and  electrode  structure,  in  addition  to  the 
membrane.  Cho  et  al.  [23]  observed  a  performance  degradation  rate 
of  about  2.3%  per  freeze-thaw  cycle  from  80  to  -10  °C.  The  cell  per¬ 
formance  degradation  seen  with  thermal  cycles  was  attributed  to 
the  physical  damage  of  the  electrode  structure  and  MEA  integrity 
resulting  from  ice  expansion  during  freezing.  The  analytical  results 
of  McDonald  et  al.  [48]  demonstrated  the  relationship  of  tempera¬ 
ture  cycling  between  80  and  -40  °C  to  membrane  structure,  water 
management,  ionic  conductivity,  gas  permeability,  and  mechanical 
strength.  A  detailed  summary  of  research  on  PEM  fuel  cell  freeze 
and  rapid  startup  can  be  found  in  Ref.  [86]. 

Experimental  results  from  Xie  et  al.  [25]  have  also  revealed  the 
change  in  hydrophobic  characteristics  of  the  catalyst  layer  over  time 
due  to  the  dissolution  of  Nation  or  PTFE,  which  detrimentally  affects 
the  water  management  and  mass  transport  ability  of  the  electrode. 

3.2.2.  Mitigation  strategies  for  electro  catalyst  and  catalyst  layer 
degradation 

Recent  research  has  proposed  and  successfully  employed  sev¬ 
eral  strategies  to  enhance  catalyst  durability.  First  of  all,  fuel  cell 
operating  conditions  play  a  major  role  in  catalyst  degradation.  The 
dissolution  of  Pt  from  the  carbon  support  is  less  favorable  at  low 
electrode  potentials,  which  makes  Pt  catalysts  more  stable  at  the 
anode  electrode  than  that  at  the  cathode  side.  The  experimental 
results  of  Mathias  et  al.  [85]  showed  that  the  loss  in  Pt  active  surface 
area  associated  with  an  increase  in  testing  time  can  be  significantly 
decreased  by  operating  the  cell  at  low  RH  and  low  temperature, 
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Fig.  2.  Impact  of  operational  conditions  on  catalyst  active  surface  area  loss,  (a)  Pt 
surface  area  as  a  function  of  stack  runtime;  (b)  impact  of  RH  and  high  temperature 
operation  on  Pt  surface  area  loss  of  Pt/C  as  a  function  of  potential  cycles.  (From  [85] 
with  permission.) 

as  shown  in  Fig.  2.  However,  carbon  corrosion  of  the  catalyst  layer 
was  recently  found  by  Borup  et  al.  [87]  to  increase  with  decreas¬ 
ing  RH.  They  also  revealed  that  the  growth  in  cathode  Pt  particle 
size  was  much  greater  during  potential  cycling  experiments  than 
during  steady  state  testing,  and  that  it  increased  with  an  increase 
of  potential,  which  was  recently  employed  as  an  AST  method  to 
evaluate  electrocatalyst  stability. 

Secondly,  corrosion  of  the  carbon  support  due  to  fuel  starva¬ 
tion  can  be  alleviated  by  enhancing  water  retention  on  the  anode, 
such  as  through  modifications  to  the  PTFE  and/or  ionomer,  the 
addition  of  water-blocking  components  like  graphite,  and  the  use 
of  improved  preferable  catalysts  for  water  electrolysis,  as  demon¬ 
strated  by  Knights  et  al.  [6]  in  Fig.  3.  With  respect  to  PEM  fuel 
cell  freeze  and  rapid  startup  issues,  two  main  strategies  have  been 
proposed  to  mitigate  fuel  cell  performance  degradation,  based  on 
whether  the  system  uses  extra  energy  during  parking  or  startup. 
The  first  solution,  the  “keep-warm”  method  [88-90],  is  to  con¬ 
sume  power  from  a  continuous  or  intermittent  low-power  energy 
source  (from  an  extra  battery  or  hydrogen  fuel  converter)  to  keep 
the  system  above  a  certain  threshold  temperature  during  the  park¬ 
ing  period.  The  other  option  is  to  heat  the  fuel  cell  system  to  raise 
its  temperature  above  the  freezing  point  of  water  at  startup  [91,92]. 
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Fig.  3.  Comparison  of  different  anode  structures  in  severe  failure  testing.  Each 
cell  has  an  equivalent  cathode  (~0.7mgcm~2  Pt,  supported  on  carbon).  Testing 
conducted  at  200  mg  cm-2,  fully  humidified  nitrogen  on  anode.  Anode  loading  at 
~0.3  mg  cm-2  Pt  supported  on  carbon  (varied  materials  and  compositions).  (Modi¬ 
fied  from  [6]  with  permission.) 


For  this  method,  a  higher  power  heat  is  required  and  it  is  strongly 
suggested  that  the  method  be  combined  with  effective  removal  of 
residual  water  to  save  energy  and  alleviate  physical  damage  to  the 
MEA  due  to  ice  expansion.  Possible  methods  for  getting  rid  of  the 
water  include  gas  purging  [6]  or  washing  it  away  with  an  antifreeze 
solution  [23]  prior  to  fuel  cell  shutdown. 

Thirdly,  Pt-alloy  catalysts  such  as  PtCo,  Pt-Cr-Ni  have  shown 
better  activity  and  stability  compared  to  pure  Pt  catalysts  [93]. 
The  increased  sintering  resistance  offered  by  the  alloying  ele¬ 
ments  [93]  or  the  larger  alloy  particle  size  [94]  may  explain  the 
observed  improvement.  However,  X-ray  diffraction  (XRD)  analysis 
has  revealed  a  skin  consisting  of  a  monolayer  of  pure  Pt  formed 
on  the  surface  of  the  alloys  after  long-term  testing  [95-97].  This 
indicates  that  the  non-noble  metals  in  the  Pt-transition  metal  alloy 
catalysts  are  more  susceptible  to  dissolving  in  the  ionomer  phase, 
partially  counteracting  the  advantage  of  Pt-alloy  catalysts.  Metals 
such  as  Co,  Cr,  Fe,  Ni,  and  V  have  already  proved  to  be  soluble 
in  a  fuel  cell  operating  environment;  Pt-Co/C  has  drawn  more 
attention  recently  due  to  its  superior  stability  compared  to  that 
of  the  other  Pt-transition  alloy  catalysts  [94,98].  It  is  noteworthy 
that  recently  Adzic  and  co-workers  [99]  significantly  improved  the 
Pt  stability  against  dissolution  under  potential  cycling  regimes  by 
modifying  Pt  nanoparticles  with  gold  (Au)  clusters.  There  were  no 
obvious  changes  in  the  activity  and  surface  area  of  Au-modified 
Pt  under  oxidizing  conditions  and  potential  cycling  between  0.6 
and  1.1  V  after  over  30,000  cycles.  The  considerable  improvement 
in  the  Au/Pt/C  catalyst  stability  was  mainly  attributed  to  the  exis¬ 
tence  of  the  non-dissolvable  Au  clusters.  By  strengthening  the 
interaction  between  the  metal  particles  and  the  carbon  support, 
sintering  and  dissolution  of  the  metal  alloy  catalysts  can  be  alle¬ 
viated.  For  example,  Roy  et  al.  [100]  introduced  nitrogen-based 
carbon  functionality  to  the  carbon  support  surface  by  chemical 
modification  and,  consequently,  the  ability  of  the  treated  support  to 
anchor  metal  particles  as  well  as  its  catalyst  activity  showed  obvi¬ 
ous  improvement.  Multiwalled  carbon  nanotubes  (CNTs)  have  also 
demonstrated  promise  as  catalyst  supports  in  PEM  fuel  cell  appli¬ 
cations  [101  ].  In  a  recent  publication,  Shao  et  al.  [102]  reported  that 
the  degradation  rate  of  Pt/CNTs  was  nearly  two  times  lower  than 
that  of  Pt/C  under  the  same  accelerated  durability  testing  condi¬ 
tions,  which  was  attributed  to  the  specific  interaction  between  Pt 
and  CNTs  and  to  the  higher  resistance  of  the  CNTs  to  electrochem¬ 
ical  oxidation.  In  addition,  the  decrease  in  support  surface  area  or 
graphitization  of  the  carbon  support  can  also  enhance  the  support’s 
resistance  to  oxidation  and  carbon  corrosion  [103,104].  However, 


the  number  of  active  surface  sites  on  which  to  anchor  metal  par¬ 
ticles  correspondingly  decreases,  which  is  a  potential  detriment  to 
the  deposition  of  metal  on  the  carbon  support. 

3.3.  Gas  diffusion  layer 

3.3.1.  Gas  diffusion  layer  degradation  mechanisms 

The  gas  diffusion  layer  (GDL)  is  typically  a  dual-layer  carbon- 
based  porous  material,  including  a  macroporous  carbon  fiber  paper 
or  carbon  cloth  substrate  covered  by  a  thinner  microporous  layer 
(MPL)  consisting  of  carbon  black  powder  and  a  hydrophobic  agent. 
In  past  studies  of  GDLs,  the  impact  of  GDL  materials  and  design 
on  PEM  fuel  cell  performance,  rather  than  durability,  has  been 
the  focal  point.  However,  increased  GDL  surface  hydrophilicity  has 
been  clearly  observed  after  11,000  h  of  operation  [12]  and  cold  start 
conditions  [24],  which  unquestionably  indicates  that  further  inves¬ 
tigation  of  the  GDL  is  warranted.  To  date,  only  a  limited  number  of 
studies  have  focused  on  the  degradation  mechanisms  of  GDLs  or  on 
the  relationship  between  GDL  properties  and  fuel  cell  performance 
decay.  Moreover,  these  studies  have  employed  mainly  ex  situ  GDL 
aging  procedures  in  order  to  avoid  the  possible  confounding  effects 
from  adjoining  components  such  as  the  catalyst  layer  and  bipolar 
plate. 

The  results  of  Borup  et  al.  [105]  showed  that  the  loss  of  GDL 
hydrophobicity  increased  with  operating  temperature  and  when 
sparging  air  was  used  instead  of  nitrogen.  Additionally,  they  con¬ 
cluded  that  changes  in  the  GDL  properties  were  attributed  mostly 
to  the  MPL.  Frisk  et  al.  [106]  aged  GDLs  by  submerging  the  sam¬ 
ples  in  15  wt.%  hydrogen  peroxide  at  82  °C.  They  found  that  weight 
loss  and  the  MPL  contact  angle  increased  with  the  time  of  expo¬ 
sure  and  the  increase  was  attributed  to  oxidation  of  the  carbon 
in  the  MPL.  Kangasniemi  et  al.  [107]  demonstrated  the  effect  of 
electrochemical  surface  oxidation  on  GDL  properties  and  found 
that  the  contact  angle  of  the  MPL  surface  decreased  remarkably 
over  time  when  the  GDL  samples  were  immersed  in  1  M  H2SO4 
under  potentiostatic  treatment  of  1.2  V  vs.  standard  hydrogen  elec¬ 
trode  (SHE).  Most  recently,  Lee  and  Merida  [108]  comprehensively 
studied  GDL  properties,  such  as  electrical  resistivity,  bending  stiff¬ 
ness,  air  permeability,  surface  contact  angle,  porosity,  and  water 
vapor  diffusion,  after  degradation  tests  under  steady  state  (over 
1500  h  aging  time  at  80  °C  and  200  psi)  and  freezing  (54  freeze-thaw 
cycles  between  -35  and  20  °C)  conditions.  As  the  fuel  cell  oper¬ 
ates,  the  PTFE  and  carbon  composite  of  the  GDLs  are  susceptible 
to  chemical  attack  (i.e.,  OH*  radical  as  electrochemical  byproduct) 
and  electrochemical  (voltage)  oxidation  [106].  The  loss  of  PTFE  and 
carbon  results  in  the  changes  in  GDL  physical  properties,  such  as 
the  decrease  of  GDL  conductivity  and  hydrophobicity,  which  fur¬ 
ther  lowers  MEA  performance  and  negatively  affects  the  durability 
of  the  whole  fuel  cell.  With  regard  to  the  quantitative  correla¬ 
tion  between  performance  loss  and  the  changes  in  GDL  properties, 
Schulze  et  al.  [109]  recently  found  that  the  decomposition  of  PTFE  in 
the  electrodes  induced  an  approximately  two  times  higher  perfor¬ 
mance  loss  than  that  related  to  the  agglomeration  of  the  platinum 
catalyst  after  1000  h  of  fuel  cell  operation.  However,  the  effect  of 
PTFE  degradation  in  the  catalyst  layer  and  GDL  was  not  separated 
in  their  paper  and  the  decomposition  mechanism  of  PTFE  was  not 
thoroughly  discussed. 

3.3.2.  Mitigation  strategies  for  GDL  degradation 

Little  information  about  mitigating  GDL  degradation  is  available 
from  the  literature.  To  improve  GDL  oxidative  and  electrooxidative 
stability,  Borup  [110]  suggested  using  graphitized  fibers  during  GDL 
preparation.  Borup  also  proposed  that  higher  PTFE  loading  could 
benefit  the  water  management  ability  of  aged  GDLs,  as  shown  in 
Fig.  4.  By  incorporating  graphitized  carbon  material  Pureblack® 
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Fig.  4.  Effect  of  GDL  graphite  fiber  type  and  PTFE  loading  on  contact  angle.  ( Modified 
from  [110]  with  permission.) 

in  the  MPL,  Owejan  et  al.  [30]  found  a  25%  improvement  in  the 
start/stop  degradation  rate  at  1.2  A  cm-2. 

3.4.  Bipolar  plate 

3.4 A.  Bipolar  plate  degradation  mechanisms 

The  bipolar  plate  is  a  multifunctional  component  of  the  fuel 
cell  stack,  acting  as  a  separator  between  the  fuel,  oxidant  gases, 
and  coolant;  homogeneously  distributing  reactant  and  product 
streams;  and  collecting  the  current  generated  by  the  electrochem¬ 
ical  reaction.  A  great  deal  of  research  and  some  literature  reviews 
[111-114]  related  to  bipolar  plate  studies  have  been  published. 

To  fulfill  all  of  the  required  functions,  multiple  properties  are 
required  for  the  materials  to  be  acceptable  for  bipolar  plates.  These 
include,  but  are  not  limited  to,  high  electrical  conductivity,  low 
gas  permeability,  high  corrosion  resistance,  sufficient  strength, 
low  thermal  resistance,  and  low  cost,  etc.  In  addition  to  graphite, 
materials  such  as  metals,  graphite/carbon-based  composites,  and 
polymer-based  composites  with  conductive  graphite/carbon  fillers 
are  currently  being  tested  and  evaluated  by  researchers  [115-117]. 
The  combination  of  high  corrosion  and  chemical  resistance,  low 
density,  and  high  electrical  and  thermal  conductivity  are  attractive 
characteristics  of  graphite  and  graphite  composites.  However  their 
durability  under  shock  and  vibration,  permeability  to  hydrogen, 
and  manufacturability  are  unfavorable  when  compared  to  metals, 
such  that  an  increase  in  weight  as  well  as  volume  is  needed  to  over¬ 
come  their  shortcomings.  Noble  metals  such  as  Pt,  Ta,  Nb,  and  Zr  are 
highly  corrosion  resistant  and  are  manufacturable  as  lightweight 
thin  plates,  but  the  raw  material  costs  for  these  plates  prohibit  them 
from  commercial  applications  [118].  As  for  other  metallic  bipolar 
plates,  commercially  available  metals  and  their  alloys  such  as  Al,  Ti, 
and  Ni  have  exhibited  inspiring  potential  in  bipolar  plates  owing 
to  their  good  electrical  conductivity,  excellent  mechanical  proper¬ 
ties,  and  low  cost.  However,  the  major  concern  with  these  metallic 
bipolar  plates  is  the  contact  resistance  between  the  bipolar  plate 
and  the  GDL,  attributed  to  electrically  resistant  oxide  films  formed 
on  the  surfaces,  which  inevitably  increase  the  internal  electrical 
resistance  of  the  fuel  cell.  Stainless  steel  has  received  considerable 
attention  due  to  its  wide  range  of  alloy  choices  and  applicability 
to  mass  production,  but  it  is  prone  to  corrosion  in  the  aggressive 
acidic  and  humid  environment  inside  a  PEM  fuel  cell  [119],  which 
causes  a  further  increase  in  contact  resistance.  Moreover,  corrosion 
of  metallic  materials  leads  to  the  production  of  multivalent  cations, 
which  can  seriously  impair  the  durability  of  the  membrane  and 
catalyst  [115],  as  discussed  in  Section  3.1.1.  A  chemical  analysis  of 
the  MEA  after  100  h  of  cell  operation  revealed  that  a  large  quan¬ 


tity  of  Fe  and  Ni  atoms,  as  well  as  traces  of  Cr,  was  released  from 
untreated  stainless  steel  316L  [120].  As  a  result,  a  voltage  drop  of 
up  to  300  mV  at  a  current  of  700  mA  cm-2  was  measured  due  to 
the  chemical  corrosion  of  this  bipolar  plate  material.  By  exposing 
eight  commercial  stainless  steels  to  an  acid  solution,  Shores  et  al. 
[121]  carried  out  an  ex  situ  experiment  to  study  the  corrosion  of 
stainless  steel.  A  controlled  potential  was  applied  and  the  gas  (H2 
or  air)  was  bubbled  into  the  solution  to  simulate  either  anode  or 
cathode  conditions.  After  72  h  of  aging,  the  dissolved  metal  cations 
(including  Fe+3,  Cr+3,  Ni+2)  were  detected  in  the  solution  [121  ]. 

3.4.2.  Mitigation  strategies  for  bipolar  plate  degradation 

Current  work  in  this  key  area  is  focused  mainly  on  the  use 
of  graphite/polymer  composites,  metallic  materials  coated  with 
noble  metals,  or  various  nitride-  or  carbide-based  alloys  to  improve 
corrosion  resistance  in  real  or  simulated  PEM  fuel  cell  environ¬ 
ments  [122].  The  most  up-to-date  research  on  carbon-based  and 
metal-based  coatings  for  PEM  fuel  cell  bipolar  plates,  in  addition 
to  the  corresponding  coating  techniques,  are  compiled  in  Table  3. 
Various  coating  methods  that  have  been  developed  and  applied 
widely  in  other  industrial  areas,  such  as  immersion  coating,  spray¬ 
ing,  electroplating,  electroless  deposition,  electrolytic  anodization, 
and  painting  [115],  are  being  evaluated  for  bipolar  plate  materials. 
Taking  cost  competitiveness  for  continuous  high-volume  produc¬ 
tion  into  consideration,  research  in  recent  years  [115]  has  focused 
on  physical  vapor  deposition  (PVD)  and  chemical  vapor  deposition 
(CVD)  processes,  as  illustrated  in  detail  in  Table  3. 

However,  a  potential  risk  with  protective  coating  methods  is 
the  deformation  of  the  coating  material  when  the  PEM  fuel  cell 
operates  under  thermal  cycling  conditions.  Woodman  et  al.  [148] 
proposed  a  reasonable  explanation  that  the  coating  material  and 
the  substrate  might  expand  and  contract  at  different  rates  due  to 
the  difference  in  their  coefficients  of  thermal  expansion  (CTEs).  The 
micro-pores  and  micro-cracks  arising  from  deformation  of  the  coat¬ 
ing  layer  can  lead  to  the  direct  exposure  of  the  substrate  metal  to 
a  highly  corrosive  environment  and,  subsequently,  the  dissolved 
metal  ions  diffuse  into  the  membrane  and  get  trapped  in  the  ion 
exchange  sites,  resulting  in  considerable  adverse  effects  on  cell  per¬ 
formance.  The  addition  of  intermediate  coating  layers  with  high 
bonding  strength  and  gradient  CTEs  between  adjacent  layers  of  the 
coating  and  bipolar  plate  is  one  effective  strategy  for  buffering  the 
CTE  differential. 

Another  common  concern  related  to  bipolar  plates  is  the  possi¬ 
ble  deformation  or  even  fracture  caused  by  the  compressive  forces 
that  are  used  to  ensure  good  electric  contact  and  reactant  sealing 
during  fuel  cell  operation  [149].  Some  operational  factors,  such  as 
thermal  cycling,  non-uniform  current,  or  thermal  misdistributions 
over  the  active  area,  can  impair  the  mechanical  properties  of  the 
bipolar  plate  materials.  Hodgson  and  Farndon  [150]  and  Lee  et  al. 
[151  ]  subjected  the  surface  of  a  metallic  material,  such  as  stainless 
steel  or  nickel-rich  alloys,  to  an  electrical  current  in  the  presence  of 
an  acidic  electrolyte.  After  this  treatment,  the  corrosion  resistance 
of  the  metallic  bipolar  plate  was  improved,  which  was  attributed 
to  the  modification  of  the  surface  composition  and/or  the  surface 
morphology.  This  surface  treatment  method  is  particularly  promis¬ 
ing  since  the  treatment  is  a  modification  to  the  surface  rather  than 
a  coating  procedure  and  therefore  delamination  is  not  an  issue. 

Table  4  presents  research  on  composite  bipolar  plate  mate¬ 
rials,  including  carbon-polymer  composites  and  carbon-carbon 
composites,  with  a  summary  of  their  advantages  and  disadvan¬ 
tages.  As  shown,  carbon-carbon  composites  have  many  advantages, 
although  their  lack  of  mechanical  strength  in  addition  to  the  lengthy 
and  expensive  chemical  vapor  impregnation  (CVI)  process  des¬ 
tines  them  to  limited  success.  Recently,  carbon-polymer  materials, 
especially  those  with  thermoset  resins,  are  becoming  competitive 
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Table  3 

Practicable  coated  metallic  bipolar  plates  proposed  in  the  literature 


Coating  category 

Coating  method 

Coating  materials 

Applicable  base  plate  materials 

Reference 

Al 

Ti 

Ni 

Other 

Metal-based  coating 

Noble  metals 

Pulse  current  electrodeposition 

Gold  over  Ni  over  Cu 

X 

[123,124] 

Electrodeposition 

Gold 

X 

Stainless  steel  (SS) 

[125] 

DC  magnetron  sputtering 

Ta 

X 

SS316 

[120] 

Electroplating 

Gold 

X 

[120] 

Metal  nitrides 

PVD  (e.g.  magnetron  sputtering)  or 

(1)  Sublayer-Cr/Ni/Mo-rich  SS  or 

X 

X 

SS 

[126] 

CVD,  and  electrolessdeposition  for 

Ni-phosphorus  alloy;  (2)  topcoat-Ti 

Ni-Ph  alloy 

nitride 

Radio  frequency  (RF)-planar 
magnetron  (sputtering) 

Ti-Al-nitride  layer 

X 

[127] 

RF-diode  sputtering 

TiN  layer 

X 

[127] 

Thermal  nitridation 

CrN/Cr2N  surface 

Cr-bearing  alloy 

[128-132] 

Ferritic  SS 

[133,134] 

Austenitic  SS 

[132,135] 

PVD 

NS 

SS304 

[136] 

PVD 

TiN 

SS410 

[137] 

Electrodeposition 

TiN 

SS316 

[138] 

NS 

TiN 

SS316 

[121] 

Metal  carbides 

Glow  discharge  decomposition  and 

(1)  n-Type  silicon  carbide  (SiC);  (2) 

SS 

[127] 

vapor  deposition 

gold 

Electro-spark  deposition  process 

Cr  carbide 

SS310 

[139] 

Metal  oxide 

Electron  beam  evaporation 

Indium  doped  tin  oxide  (Sn(ln)02) 

X 

[127] 

Vapor  deposition  and  sputtering 

(1)  Sublayer-lead;  (2)  topcoat-lead 
oxide  (PbO/Pb02) 

X 

[127] 

Carbon-based  coating 

Graphite 

Painting  or  pressing 

(1)  Sublayer-sonicated  graphite 
particles  in  an  emulsion, 
suspension  or  paint  (e.g.  graphite 
particles  in  an  epoxy  resin  thinned 
by  an  organic  solvent,  such  as 
toluene);  (2)  topcoat-exfoliated 
graphite  in  the  form  of  sheets  of 
flexible,  graphite  foil 

X 

X 

X 

[140] 

PVD  (closed-field,  unbalanced, 

(1)  Sublayer-titanium  over 

X 

X 

X 

SS 

[140] 

magnetron  sputter  ion  plating)  and 

titanium-aluminum-nitride;  (2a) 

chemical  anodization/oxidation 

overcoat-transient  metal  sublayer 

overcoating 

of  Cr  (Ti,  Ni,  Fe,  Co)  followed  by 
sulphuric/chromic  acid  OR;  (2b) 
topcoat-graphite 

Conductive  polymer 

NS 

Organic  self-assembled 
monopolymers 

NS 

[141] 

NS 

Conductive  polymers 

NS 

[141] 

Electrodeposition 

Conductive  polymers  polyaniline 
(PANI)  and  polypyrrole  (PPY) 

SS304 

[142] 

Plasma-polymer  coating 

Hexafluoropropylene  (HFP) 

X 

SS304 

[143] 

Electrodeposition 

Multilayer  coating  (Ni,  Au) 
conductive  polymer  (polyaniline) 

X 

[123] 

Spraying 

(1)  Sublay-conductive  polymer 
(M2-48);  (2)  interlay-  commercial 
graphite  (TV-Koat);  (3) 
topcoat-conductive  polymer 
(M2-48) 

SS316L 

[144] 

NS 

Coating  comprised  of  carbon  fibers 
contained  within  a  polymer  matrix 

SS 

[145] 

Diamond  or 

NS 

Diamond-like  carbon 

NS 

[141] 

diamond-like  carbon 

PVD 

YZU001  diamond-like  material 

X 

SS316 

[146] 

Organic 

NS 

Organic  self-assembled 

NS 

[147] 

self-assembled 

monoploymers 

monopolymers 

Note :  Not  specified  (NS). 


alternatives  to  bipolar  plates  in  terms  of  bulk  conductivity  and 
dimensional  tolerance.  However,  high  carbon  loadings  are  always 
necessary  to  obtain  the  required  electrical  conductivity,  which 
eventually  causes  difficulties  in  processability.  Another  problem 
associated  with  carbon-polymer  materials  is  the  degradation  of 
the  resins  in  PEM  fuel  cell  working  environments  due  to  the  inher¬ 


ent  properties  of  these  polymers  [111].  The  heavy  atoms  released 
from  these  resins  as  a  consequence,  such  as  calcium,  magnesium, 
or  zinc,  may  diffuse  into  and  contaminate  the  PEM,  decreasing  fuel 
cell  durability. 

Following  principles  of  stack  manufacturing  and  environmen¬ 
tal  impact,  Cooper  has  identified  51  bipolar  plate  requirements  and 


Table  4 


Practicable  carbon  composite  bipolar  plates  proposed  in  the  literature 

Carbon  Polymer 

composite 

Filler 

Fiber 

Reference 

Advantages 

Disadvantages 

Carbon-polymer  composite 

PVDF 

Carbon/graphite  particles 

[152] 

Injection  molding  lends  itself  to 

Low  electrical  conductivity  when 

Thermoplastic 

manufacturing  automation 

using  standard  thermoplastics 

PVDF 

Carbon/graphite  particles 

Carbon/graphite  fibers 

[153] 

Fast  cycle  time 

Limited  to  low-temperature 
operation 

PVDF 

Carbon  black,  graphite  powder 

Carbon/graphite  fibers 

[154] 

Flow  field  introduced  during 

Injection  molding  difficult  at  high 

molding 

carbon  loading 

PVDF 

Carbon  black 

[155] 

Low  contact  resistance 

Generally  less  chemically  stable 
than  thermoset  resins 

Liquid  crystal  polymer 

Carbon  black 

Carbon  fibers 

[156] 

Difficult  to  increase  carbon 

(LCP) 

Polyethylene  terephthalate 
(PET)/PVDF 

Carbon  or  CNT 

[157] 

concentration 

Thermoset  Mixture  of  epoxy  resin  and 

Graphite  powder 

[158] 

Higher  temperature  operation  than 

Relatively  low  electrical 

aromatic  amine  hardener 

thermoplastic 

conductivity 

Phenyl-aldehyde  resol  or 

Graphite  powder 

Graphite  fibers 

[159] 

Flow  field  introduced  during 

Difficult  to  increase  carbon 

novolac 

molding 

concentration 

Phenyl-aldehyde  resol  or 
novolac 

Coke-graphite  particles 

[160] 

Low  contact  resistance 

Reichhold  24-655  phenolic 

Graphite  powder 

Cellulose  fibers  (not  rayon 

[161] 

resin 

or  cellulose  acetate) 

Furan  resin  or  phenolic 

Graphite  powder 

Cellulose  fibers  (not  rayon 

[162] 

resin 

or  cellulose  acetate) 

Vinyl  ester 

Graphite  powder 

[163,164] 

Carbon-carbon  composites 

Phenolic  resin 

Carbon  fiber 

Vapor-infiltrated  carbon 

[165,166] 

High  electrical  conductivity 

Long  and  expensive  CVI  process  is 
necessary  to  deposit  graphitic 
carbon  and  to  pyrolize  resins  (bulk 
processing  and  automation  set  to 
lower  price) 

Unsaturated  polymer 

Compound  graphite  powder 

[167] 

High  thermal  conductivity 

Lack  of  mechanical  strength 

Epoxy  resin 

Pan-based  carbon  fiber 

Vapor-infiltrated  carbon 

[168] 

Lightweight 

Phenol-formaldehyde  resin 

Pan-based  carbon  fiber,  carbon 
black 

Vapor-infiltrated  carbon 

[169] 

High  temperature  operation 

High  strength 

Highly  corrosion  and  chemical 
resistance 

Flow  field  introduced  during 
stamping  of  perform 
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Fig.  5.  SEM-EDX  images  of  an  embrittled  membrane  sample.  The  holes  and  tears  resulted  from  reduced  mechanical  integrity  caused  by  the  crystallization  of  (a)  silicon-  and 
(b)  calcium-containing  particles  from  the  degradation  of  incompatible  sealing  materials  inside  and  on  the  surface  of  a  membrane.  (From  [174]  with  permission.) 


design  rules  for  PEM  fuel  cells  [170].  Among  the  state-of-the-art 
alternatives  for  bipolar  plates,  although  no  material  has  definitely 
established  itself  as  capable  of  meeting  all  the  desired  target  proper¬ 
ties  for  commercial  applications  [  131  ],  each  material  has  its  specific 
advantages  and  disadvantages  and,  therefore,  will  find  its  specific 
application  fields.  The  choice  of  material  depends  on  the  driving 
constraints  of  the  application  and  is  always  a  compromise  between 
performance,  efficiency,  size,  lifetime,  cost,  operational  range  flex¬ 
ibility,  local  climate,  and  so  on. 

3.5.  Sealing  gasket 

Sealing  material  is  placed  between  the  bipolar  plates  to  prevent 
gas  and  coolant  leakage  and  crossover.  Typical  sealing  materials 
utilized  in  PEM  fuel  cells  include  fluorine  caoutchouc,  EPDM,  and 
silicone  [171].  Tan  et  al.  [172]  reported  their  results  from  a  recent 
ex  situ  investigation  on  the  chemical  degradation  of  four  commer¬ 
cial  gasket  materials  in  simulated  fuel  cell  environments.  Cleghorn 
et  al.  [4]  and  St-Pierre  and  Jia  [12]  observed  the  degradation  and 
dissolution  of  silicone  in  the  active  section  of  the  stack  during  their 
lifetime  experiments.  Schulze  et  al.  [171]  detailed  the  degradation 
of  silicon-based  seals  during  long-term  fuel  cell  operation.  They 


detected  residues  of  the  silicone  in  the  anode  catalyst  layer  and 
cathode  GDL  by  XPS.  The  authors  concluded  that  the  direction  of 
movement  of  the  silicone  traces  was  from  the  anode  to  the  cath¬ 
ode  due  to  the  electrical  field  and  that  it  was  blocked  by  the  PEM. 
However,  traces  of  decomposition  products  of  the  sealing  mate¬ 
rial  in  both  the  membrane  and  electrodes,  as  shown  in  Fig.  5,  have 
been  detected  by  Ahn  et  al.  [14],  Xie  et  al.  [173],  and  Du  et  al.  [174]. 
The  acid  character  of  the  PEM,  together  with  the  thermal  stressing 
[171]  or  hydrogen  embrittlement  [12],  possibly  induces  the  alter¬ 
ation  of  the  sealing  material.  The  degradation  of  the  seals  results  in 
the  loss  of  their  force  retention  and  can  lead  to  compression  loss, 
external  leaks  of  coolant,  gas  crossover,  or  plate  electrical  short¬ 
ing,  eventually  accelerating  the  performance  degradation  of  the 
fuel  cell.  The  migration  and  accumulation  of  the  sealing  materials 
within  the  electrodes  will  also  negatively  change  the  hydrophobic 
character  of  the  electrodes  and  probably  poison  the  Pt  catalysts.  Fur¬ 
thermore,  the  traces  from  the  seal  may  diffuse  into  the  membrane 
phase  and  consequently  lead  to  a  decrease  in  membrane  conduc¬ 
tivity  and  a  reduction  in  the  mechanical  integrity  of  the  membrane, 
both  of  which  would  severely  impair  the  fuel  cell  lifetime  [174].  Seal 
selection  through  ex  situ  and  in  situ  screening  processes  should  be 
based  on  the  overall  chemical  and  mechanical  properties  of  the 


Table  5 

Major  failure  modes  of  different  components  in  PEM  fuel  cells  [3,175] 


Component 

Failure  modes 

Causes 

Membrane 

Mechanical  degradation 

Thermal  degradation 

Chemical/electrochemical  degradation 

Mechanical  stress  due  to  non-uniform  press  pressure,  inadequate  humidification  or 
penetration  of  the  catalyst  and  seal  material  traces 

Thermal  stress;  thermal  cycles 

Contamination;  radical  attack 

Catalyst/catalyst  layer 

Loss  of  activation 

Conductivity  loss 

Decrease  in  mass  transport  rate  of  reactants 

Loss  of  reformate  tolerance 

Decrease  in  water  management  ability 

Sintering  or  dealloying  of  electrocatalyst 

Corrosion  of  electrocatalyst  support 

Mechanical  stress 

Contamination 

Change  in  hydrophobicity  of  materials  due  to  Nafion  or  PTFE  dissolution 

GDL 

Decrease  in  mass  transport 

Decrease  in  water  management  ability 
Conductivity  loss 

Degradation  of  backing  material 

Mechanical  stress;  Change  in  the  hydrophobicity  of  materials 
corrosion 

Bipolar  plate 

Conductivity  loss 

Fracture/deformation 

Corrosion;  oxidation 

Mechanical  stress 

Sealing  gasket 

Mechanical  failure 

Corrosion;  mechanical  stress 

Table  6 

General  AST  methods  in  PEM  fuel  cell  lifetime  analysis 
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Component 

General  criteria 

Failure  modes 

Membrane/MEA 

OCV  at  reduced  RH  for  chemical 
stability;  RH  cycling  for  mechanical 

Chemical  stability 

degradation 

Chemical/electrochemical 

stability 

Mechanical  stability 


Chemical  and  mechanical 
stability 


Catalyst/catalyst  layer  Potential  cycling;  acid  washing;  Pt  and/or  Pt  alloy  chemical 

elevated  temperatures;  fuel  or  and  electrochemical 

oxidant  contaminants  stability 


Carbon  support  stability 


GDL  Chemical  oxidation  in  hydrogen  Chemical/electrochemcial 

peroxide  (H2O2);  elevated  oxidation 

potential;  low  humidity 


Available  protocols  Reference 


Fenton’s  test:  30%  H202,  20  ppm  Fe+2,  85  °C,  3  [176] 

cycles  with  fresh  reagent 

OCV,  90  °C,  with  partially  humidified  H2  and  02  [37] 

(both  30%  RH)  introduced  to  anode  and 
cathode,  respectively 

OCV,  80  °C,  with  dry  air  and  fully  humidified  [36] 

H2  supplied  to  cathode  and  anode,  respectively 

OCV,  90  °C,  with  partially  humidified  H2  and  [177] 

air  (both  30%  RH)  introduced  to  anode  and 

cathode,  respectively 

OCV,  95  °C,  with  partially  humidified  H2  and  [82] 

air  (both  50%  RH)  introduced  to  anode  and 
cathode,  respectively 

OCV,  90  °C,  with  partially  humidified  H2  and  O2  [178] 

(both  30%  RH)  introduced  to  anode  and 
cathode,  respectively 

65  °C,  RH  cycling  from  30  to  80%  or  from  80  to  [37] 

120%  with  30  min/step,  with  air  supplied  to 
anode  and  cathode 

80  °C,  RH  cycling  from  0  to  150%  with  [85] 

2  min/step,  with  air  supplied  to  anode  and 
cathode  sides 

Humidity  cycle:  N2/N2,  80  °C,  RH  of  inlet  gases  [178] 

cycled  between  0  and  100%  RH  every  30  min 
Load  cycle:  H2/O2,  50%  RH,  80 °C,  load  cycled  [178] 

between  10  and  800  mA  cm-2  (7  min/3  min) 

80  °C,  100%  RH,  step  change  (30  s/step)  in  [178] 

voltage  from  0.6  to  0.96  V  with  air  on  cathode 
and  H2  on  anode 

80  °C,  100%  RH,  20mVs_1,  linear  sweep  in  [178] 

voltage  from  0.6  to  1.2  V  with  N2  on  cathode 
SBtPsiWBQ&br  100%  RH,  with  N2  on  [179] 

cathode  and  H2  on  anode,  lOrnVs-1,  from  0.1 
&&eSJ1fl5(M)l95,1c2t>liode  1.2  V  relative  to  anode,  [106] 

with  N2  on  cathode  and  H2  on  anode 
80  °C,  H2  with  226%  RH  at  anode,  Air  with  100%  [110] 

RH  at  cathode,  10  mV  s_1  potential  cycling  from 
0.1  to  1.2  V 

80 °C,  100%  RH,  step  change  (30  s/step)  in  [177] 

voltage  from  0.6  to  0.9  V  with  N2  on  cathode 
and  H2  on  anode 

20°C,  0.5  M  H2S04,  potentiostatic  treatment  [102] 

1.2  V  (vs.  RHE) 

40  or  80  °C,  1  M  HC104,  potential  cycling  [180] 

between  0.85  V  (vs.  RHE)  and  1.4  V  (vs.  RHE) 

80  °C,  100%  RH,  Potential  hold  at  1.2  V,  with  N2  [181] 

on  cathode  and  H2  on  anode 

80  °C,  100%  RH,  Potential  hold  at  1.5  V,  with  N2  [181] 

on  cathode  and  H2  on  anode 

OCV,  80  °C,  with  partially  humidified  H2  and  [84] 


air  (both  66%  RH)  introduced  to  anode  and 
cathode,  start/stop  cycles  between  H2/air 
(45/100  seem)  for  30  s  and  air/air  (45/0  seem) 
for  20  s. 


50 °C,  with  fully  humidified  4%  H2/N2  and  He  [84] 

for  anode  and  cathode  respectively,  2  mV  s-1 
potential  cycling  between  0.04  V  (vs.  RHE)  and 
1.2  V  (vs.  RHE) 

95  °C,  80%  RH,  potential  hold  at  1.2  V,  with  N2  [177] 

on  cathode  and  H2  on  anode 

DI  water,  60  or  80  °C,  purged  with  N2  or  air  [  105 ] 

15  wt.%  H202  at  82  °C  [106] 

1  M  H2S04,  under  potentiostatic  treatment  of  [107] 

1.2  V  (vs.  RHE) 

80 °C,  with  fully  humidified  H2  and  N2  for  [30] 

anode  and  cathode  respectively,  1.2  V  (vs.  RHE) 

Compressive  stress  at  80  °C  and  200  psi  [108] 

Freeze-thaw  cycles  between  -35  and  20  °C  [108] 


Mechanical  stability 
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Component 

General  criteria 

Failure  modes 

Available  protocols 

Reference 

Bipolar  plates 

Press-stress;  acid  treatment;  load 

Chemical/electrochemical 

1  M  H2S04  +  2ppm  F“,  70 °C,  linear  sweep: 

[131-137] 

cycling;  temperature  cycling 

stability 

-0.5  to  1.2  V  or  potentiostatic  polarization: 

0.1  V  vs.  normal  hydrogen  electrode  (NHE)  for 
anode  and  0.8  V  (vs.  NHE)  for  cathode,  purged 
with  H2  for  anode  and  air  for  cathode 

0.01  M  HC1  +  0.01  M  Na2S04,  80  °C,  linear 
sweep:  -0.5  to  1.0  V  or  potentiostatic 
polarization:  -0.24  V  vs.  saturated  calomel 
electrode  (SCE)  for  anode  and  0.6  V  (vs.  SCE)  for 
cathode,  purged  with  H2  for  anode  and  02  for 
cathode 

[138] 

0.1  M  HC1,  linear  sweep:  0  V  (vs.  RHE)  to  1.0  V 

[182] 

&f#S§k)4,  pH  1,  80  °C,  linear  sweep:  -0.5  to 

[121] 

1.2  V  or  potentiostatic  polarization:  0.0  V  for 
anode  and  0.6  V  (vs.  NHE)  for  cathode,  Purged 
with  H2  for  anode  and  air  for  cathode 

H2S04  and  Na2S04,  pH  4.8,  linear  polarization: 

-1.5  to  1.5  V(vs.  SCE),  room  temperature,  no 
reactant  gas 

[183] 

0.5  M  H2S04,  linear  polarization:  -0.5  to  0.5  V 
(vs.  OCV),  room  temperature,  purged  with  air 

[129,151,184,185] 

0.001  N  H2S04  +  2ppm  F“,  80  °C,  potentiostatic 
polarization:  1.0  V  (vs.  NHE),  purged  with  N2 

[165] 

0.001  M  H2S04  +  0.00015  M  HC1  + 15  ppm  HF, 

70  °C,  linear  polarization:  -0.309  to  0.941  V  (vs. 
NHE),  purged  with  H2  for  anode  and  02  for 
cathode 

[119] 

Sealing  gasket 

Temperature;  acid  treatment; 

Chemical  and  mechanical 

Bend  strip  environmental  stress  crack 

[172] 

deformation/press-stress 

stability 

resistance  tests  with  various  bend  angles,  1  M 
H2SO4  +  10ppm  HF 

Chemical  stability 

0.35  M  acid  1  +  10  ppm  acid  2  +  3  wt.%  H2  02 

[174] 

materials  [172].  With  regard  to  seal  material  degradation,  no  avail¬ 
able  publications  relevant  to  mitigation  strategies  have  yet  been 
found. 

In  summary,  the  major  failure  modes  for  PEM  fuel  cell  compo¬ 
nents,  including  the  membrane,  catalyst/catalyst  layer,  GDL,  bipolar 
plate,  and  sealing  material,  are  listed  in  detail  in  Table  5. 

4.  Accelerated  stress  test  methods  and  protocols 

The  traditional  durability  data  analysis  in  engineering  involves 
analyzing  times-to-failure  data  obtained  under  normal  operat¬ 
ing  conditions  in  order  to  quantify  the  life  characteristics  of  the 
product,  system,  or  component.  In  the  case  of  fuel  cells,  such 
times-to-failure  data  are  always  very  difficult  to  obtain  due  to 
the  issues  mentioned  above:  prolonged  test  periods  and  high 
costs.  More  importantly,  a  fuel  cell  stack  is  a  complicated  sys¬ 
tem  comprising  various  components  for  which  the  degradation 
mechanisms,  component  interactions,  and  effects  of  operating  con¬ 
ditions  need  to  be  fully  understood  prior  to  establishing  fuel  cell 
commercial  viability.  As  mentioned  above,  several  fuel  cell  devel¬ 
opers  have  implemented  various  ASTs  to  analyze  failure  modes  of 
current  fuel  cell  components,  in  order  to  increase  sample  through¬ 
put  and  reduce  experimental  time.  Currently,  the  DOE  and  the 
US  Fuel  Cell  Council  (USFCC)  are  each  trying  to  establish  PEM 
fuel  cell  durability  testing  protocols  with  the  intent  to  provide 
a  standard  set  of  test  conditions  and  operating  procedures  for 
evaluating  new  cell  component  materials  and  structures.  ASTs  pub¬ 
lished  in  the  available  literature  other  than  the  DOE  and  USFCC 
protocols  are  categorized  in  Table  6.  An  accelerated  stress  test¬ 
ing  method  should  not  only  activate  the  targeted  failure  mode 
of  the  specific  component,  but  it  should  also  minimize  the  con¬ 
founding  effects  from  other  components.  For  instance,  the  AST 
protocol  for  catalyst  supports  is  different  from  that  of  the  electro¬ 


catalyst  because  the  components  experience  different  degradation 
mechanisms  under  different  conditions.  Similarly,  the  AST  for 
the  mechanical  degradation  of  the  membrane  should  distinguish 
and  isolate  the  effects  of  the  chemical  degradation  of  the  mem¬ 
brane. 

5.  Conclusions 

At  present,  durability,  cost,  and  reliability  are  delaying  the  com¬ 
mercialization  of  PEM  fuel  cell  technology.  Above  all,  durability  is 
the  most  critical  issue  and  influences  the  other  two  issues.  Various 
efforts  have  been  made  to  investigate  the  degradation  mechanisms 
of  fuel  cell  systems  and  components  in  an  attempt  to  enhance 
the  durability  of  fuel  cells.  However,  the  current  understanding  of 
the  degradation  mechanisms  of  PEM  fuel  cell  components  is  still 
insufficient.  To  this  end,  more  emphasis  needs  to  be  placed  on  inno¬ 
vative  diagnostic  methods  and  analytical  instruments.  Moreover, 
there  is  a  lack  of  information  about  the  quantitative  correlations 
between  the  degradation  of  individual  components  within  the  fuel 
cell  and  the  resulting  performance  loss.  Continuing  efforts  are  crit¬ 
ical  to  propose  necessary  mitigation  strategies  and  eventually  to 
facilitate  the  move  toward  commercialization  of  PEM  fuel  cell  tech¬ 
nology. 

With  respect  to  membrane  durability,  great  achievements  have 
been  made  by  modifying  the  membrane  structure  to  improve  its 
chemical/electrochemical  stability  and  by  using  a  PTFE-reinforced 
membrane  to  enhance  its  mechanical  stability.  However,  further 
improvements  in  preventing  crossover  and  preserving  stability  are 
necessary  for  successful  operation  in  the  rugged  environment  of 
automotive  applications  rather  than  only  under  mild  steady  state 
conditions. 

Similarly,  catalysts  must  also  survive  the  harsh  transient  oper¬ 
ations  of  a  vehicle,  such  as  load  and  RH  cycles.  Unfortunately,  the 
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catalyst  decay  that  occurs  with  current  materials  is  still  too  high  to 
meet  DOE  performance  targets.  Further  optimization  of  materials 
and  an  improved  understanding  of  degradation  mechanisms  are 
needed  to  alleviate  Pt  dissolution  and  carbon  corrosion.  Pt-alloy 
catalysts,  such  as  Pt-Co,  Pt-Au,  or  Pt-Cr-Ni,  loaded  on  supports 
with  a  high  resistance  to  electrochemical  oxidation,  are  suggested 
for  further  work. 

As  for  the  bipolar  plate  material,  there  has  been  significant 
ongoing  research  on  both  coated  metal  plates  and  carbon/graphite 
composites.  Further  improvement  in  the  corrosion  resistance  of 
metallic  materials  is  necessary  prior  to  their  widespread  use.  In 
addition  to  various  coating  methods,  innovative  treatments  of 
the  metal  surface  such  as  electrochemical  treating  and  a  ther¬ 
mal  nitridation  approach  show  promise  for  avoiding  the  possible 
delamination  between  the  base  metal  and  the  protective  coat¬ 
ing  due  to  different  CTEs.  On  the  other  hand,  carbon-polymer 
composites,  especially  carbon/thermoset  resins  composites,  are 
becoming  competitive  alternatives  to  bipolar  plate  material  by 
virtues  of  their  high  bulk  conductivity  and  dimensional  tolerance. 
Once  measures  are  taken  to  mitigate  their  property  shortcomings 
such  as  gas  permeability,  the  remaining  barrier  will  still  be  the 
cost. 

The  limited  research  on  GDLs  and  sealing  materials  is  based 
mainly  on  ex  situ  analysis.  Accelerated  stresses  include  mechan¬ 
ical  press  and/or  chemical  oxidation.  More  work  in  these  areas  is 
needed  to  improve  fuel  cell  stability  in  the  long  term. 

The  establishment  of  AST  protocols  will  provide  a  standard  set 
of  test  conditions  and  operating  procedures  for  evaluating  new  cell 
component  materials  and  structures.  The  present  AST  protocols 
developed  individually  by  DOE  and  USFCC  are  still  limited  to  the 
component  level  (electrocatalyst,  catalyst  support,  membrane,  and 
MEA).  It  is  worthwhile  to  note  that,  even  though  these  two  proto¬ 
cols  generally  agree  with  each  other,  they  are  still  different  in  a  few 
areas.  The  completion  and  unanimity  of  AST  protocols  for  the  PEM 
fuel  cell  as  a  whole,  in  addition  to  those  for  the  components,  are 
imperative  in  the  near  future. 
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